ABSTRACT: A multi-axial strength criterion is developed to describe the distortional strain energy density of rock salt at failure as a function of the mean strain energy. The temperature effect on salt strength is implicitly considered by incorporating empirical relations between the elastic parameters and temperatures of the tested specimens. The proposed criterion agrees well with the test results obtained under temperatures ranging from 273-467 K. The proposed criterion is useful and practical for a conservative determination of the stability of compressed-air or gas storage caverns where the surrounding salt is subject to fluctuations of temperature during product injection and withdrawal periods.
INTRODUCTION
Temperature exerts an effect on deformability and strength of rocks [1] [2] [3] . It has been found that rock strength and elastic properties decrease as the temperature increases. Rock salt studies on the temperature effect have focused on the time-dependent deformation (creep) 4, 5 where the results are specifically applied to assess the long-term performance of nuclear waste repositories in salt. Several complex formulations have been proposed to describe the thermomechanical behaviour of rock salt under the repository environment. Such formulations require several material parameters that are difficult to obtain, making their applications unpractical for the mining industry. In addition, experimental and theoretical studies on the effect of temperature on rock salt strength have been rare. Such knowledge is necessary for the design and stability analysis of salt around compressed-air and natural gas storage caverns 6 . During injection period a storage cavern may experience temperatures as high as 140°C (414 K), depending on the injection rate and the maximum storage volume and pressure [7] [8] [9] . The objective of this study is to develop a multiaxial strength criterion for rock salt under various temperatures and confining pressures. The validity of the proposed criterion is verified by the results of uniaxial and triaxial compressive strength and Brazilian tensile strength tests on rock salt specimens subject to nominal temperatures of 273, 298, 404, and 467 K (0-194°C). This selected range of testing temperatures covers those likely occurred around the storage caverns under operation and gave a rigorous relationship between the temperatures and strengths of the salt.
Salt specimens
The salt specimens were prepared from 100 mm salt cores drilled from depths between 70 m and 100 m by Asean Potash Mining Co. in the Khorat basin, northeast Thailand. The salt cores belong to the Middle salt member of the Maha Sarakham formation 10 . The salt formation hosts several solution-mined caverns, and is considered as a host rock for compressed-air energy storage caverns by the Thai Department of Energy, and for chemical waste disposal by the Office of Atomic Energy for Peace 11, 12 . Fig. 1 shows a typical geologic section of the Maha Sarakham formation 13 . The formation was deposited 60-100 million years ago in the Cretaceous to early Tertiary ages 14 . The salt cores tested here are virtually pure halite with average grain (crystal) sizes of 5 × 5 × 10 mm 3 . For the compression testing, the cores were dry-cut to obtain cubical shaped specimens with nominal dimensions of 5.4 × 5.4 × 5.4 cm 3 . The Brazilian test specimens were machined using a lathe to obtain 48 mm diameter circular disks with a thickness of 24 mm. No bedding is observed in the specimens.
To test the salt specimens under elevated temperatures, the prepared specimens and loading platens were heated in an oven for 24 h before testing. The low temperature specimens were prepared by cooling www.scienceasia.org them in a freezer for 24 h. The mechanical testing is performed immediately after removing the samples from the oven or freezer. The specimen installation, equipment setup, and loading are completed within 4 min. The changes of specimen temperatures between before and after testing are less than 5 K. As a result the specimen temperatures are assumed to be uniform and constant with time during the mechanical testing (i.e., isothermal condition).
STRENGTH TESTING Test method and equipment
A polyaxial load frame 15 has been developed to apply axial and lateral stresses to the cubical salt specimens (Fig. 2) . Two pairs of 152 cm long cantilever beams are used to apply the lateral loads in mutually perpendicular directions. The outer end of each beam is pulled down by a dead weight placed on a lower steel bar linking the two opposite beams underneath. The beam inner end is hinged by a pin mounted between vertical bars on each side of the frame. During testing all beams are arranged nearly horizontally, and hence a lateral compressive load results on the specimen placed at the centre of the frame. Using different distances from the pin to the outer weighting point and to the inner loading point, a load magnification of about 17 to 1 is obtained. This loading ratio is also used to determine the lateral deformation of the specimen by monitoring the vertical movement of the two steel bars below. The maximum lateral load is designed for 100 kN. Prior to testing, both lateral loads are calibrated to obtain a desired lateral stress. The calibration is performed by placing an electronic load cell between the opposite cantilever beams. Neoprene sheets have been placed at the interface between loading platens and rock surfaces to minimize the friction. The axial load is applied by a 1000-kN hydraulic load cell connected to an electric oil pump via a pressure regulator.
The frame has an advantage over the conventional triaxial cell because it allows a relatively quick installation of the test specimen under triaxial loading condition, and hence the change of the specimen temperature during testing is minimal.
Test results
Ten specimens have been tested for each temperature level with confining (lateral) stresses of 0, 3, 5, 10, 15, 20, and 30 MPa. They are loaded axially at a constant rate of 1 MPa/s until failure occurs. Fig. 3 shows stress-strain curves monitored from some of the salt specimens under various temperatures and confining pressures. For all specimens, the two measured lateral strains induced by the same magnitude of the applied lateral stresses are similar. Some discrepancies may be due to the intrinsic variability of the salt. The results indicate that the uniaxial compressive strengths (σ c ) of salt decrease linearly with increasing temperature (T ) and can be represented best by (Fig. 4 and Table 1) : Table 2 shows the triaxial compressive strength results. Under the same confining pressure (σ 3 ), the maximum principal stress at failure (σ 1 ) decreases with increasing specimen temperature. Some post-test salt specimens are shown in Fig. 5 . Most specimens show induced-cracks parallel to the major principal 16 . Table 3 shows the tensile strength results. Some post-test specimens of the Brazilian testing are shown in Fig. 6 . The tensile strength (σ B ) decreases linearly with increasing specimen temperature (T ), and can be represented by (Fig. 7) :
The maximum principal stresses at failure (σ 1 ) from the compressive and tensile testing are presented as a function of the minimum principal stress (σ 3 ) in . Nonlinear relations were observed at all temperature levels. The higher the temperature imposed on the salt specimen, the lower a failure envelope was obtained.
Based on the Coulomb criterion the cohesion (c) and internal friction angle (φ) can be determined from the strength results for each temperature using the following relations 17 :
They are determined from the tangent of the σ 1 -σ 3 curves at σ 3 = 10 MPa. It is found that the cohesion and friction angle decreased linearly with increasing temperature (Fig. 9 ) which agrees reasonably well with the linear drop of the uniaxial and tensile strengths as the temperature increases.
To incorporate the intermediate principal stress (σ 2 ), the test results can be presented in terms of the octahedral shear stress at failure (τ oct ) as a function of mean stress (σ m ), as shown in Fig. 10 , where 17 : Fig. 10 clearly indicates that the effect of temperature on the salt strength was larger when the salt was under higher confining pressures. When σ m is below 20 MPa, the octahedral shear strengths for salt were less sensitive to the temperature.
STRAIN ENERGY DENSITY CRITERION
The strain energy density principle is applied here to describe the salt strength and deformability under different temperatures. It is assumed that under a given mean strain energy and temperature the distortional strain energy required to fail the salt specimens is constant. Regression on the test results shows that the distortional strain energy (W d ) increases linearly with the mean strain energy (W m ):
The parameters A and B are empirical parameters depending on the strength and cohesion of the salt under each temperature. They can be determined by regression analysis on the test data (Fig. 11) . It is interesting to note that the rates of the increase of W d with respect to W m are virtually the same for all temperature levels. Assuming that for each temperature level the salt www.scienceasia.org Table 4 Elastic parameters and strain energy density at failure. is linearly elastic prior to failure, W d and W m can be determined for each specimen using the following relations 12 :
The elastic parameters G and K can be defined as a function of the testing temperature, and hence the salt strengths from different temperatures can be cor- related. Table 4 summarizes the measurement results for each specimen in terms of the elastic modulus (E), shear modulus (G), bulk modulus (K), and Poisson's ratio (ν). Linear variations of the four parameters with respect to temperature are observed (Fig. 12) . Good correlations (coefficient of correlation greater than 0.9) are obtained when they are fitted with the following linear equations:
The results indicate that the elastic, shear, and bulk moduli decrease with increasing temperature. Poisson's ratio however tends to be independent of the temperature. By substituting (4) into (1) and (5) into (2) the W d at failure can therefore incorporate the effect of temperature into the strength calculation.
The distortional strain energy for each salt specimen at failure, that implicitly takes the temperature effect into consideration, is plotted as a function of the mean strain energy in Fig. 13 . The data can be described best by a linear equation:
The parameters A Th and B Th are empirical constants depending on the strength and thermal response 
DISCUSSION AND CONCLUSIONS
This study experimentally determines salt strengths under different temperatures ranging of 273, 298, 404, and 467 K (0-194°C). This range of testing temperatures is selected to cover those likely occurred around the storage caverns under operation and to obtain a rigorous relationship between the temperatures and strengths of the salt. During injection period, the storage cavern may be subject to temperatures as high as 140°C (414 K), depending on the injection rate and maximum storage volume and pressure 7 . For each temperature the testing is assumed to be under isothermal condition (constant temperature with time during loading). For this simplified approach the salt specimens subject to different temperatures have been taken as different materials. As a result, the induced thermal stress or thermal energy imposed on the salt specimens has not been explicitly incorporated into the initial strength calculation. Although this approach differs from the complex thermo-mechanical analysis, it provides a quick assessment of the cavern stability when the surrounding salt is under elevated temperatures.
The decrease of the salt strength as the temperature increases suggests that the applied thermal energy before the mechanical testing makes the salt weaker, and more plastic-failing at lower stress and higher strain with lower elastic and shear moduli. The temperature effect is larger when salt is under higher mean stress. To determine the temperature dependency of the failure stress and strain and elastic properties, the strain energy density concept is applied. Assuming that the salt is linearly elastic before failure, the distortional strain energy (W d ) at failure can be calculated as a function of mean strain energy, W m (Fig. 11) . For a given W m , the W d decreases with increasing temperature. The differences of W d from one temperature to the other therefore correspond to the difference of thermal energy imposed on the specimens.
The single multi-axial strength criterion (7) for salt under various confining pressures and temperatures implicitly considers the effect of the thermal energy by incorporating empirical equations between the elastic parameters and temperature into the W d -W m relation (Fig. 12) . The strain energy criterion agrees well with the strength results from different temperature levels (Fig. 13) . Since the analysis is intended to determine the short-term strength, the creep deformations induced by the mechanical and thermal loadings are not considered here.
The proposed criterion can be used to determine the stability of rock salt around compressed-air or gas storage caverns during product injection (high temperature, low deviatoric stress) and withdrawal (low temperature, high deviatoric stress). The effect of temperature on the salt strength may be enhanced for the salt cavern with high frequency of injection-retrieval cycles. To be conservative, the maximum temperature (induced during injection) and the maximum shear stresses (induced during withdrawal) in salt around the cavern should be determined (normally by numerical simulation). The salt stability can be determined by comparing the computed temperature distribution and mechanical and thermal stresses against the criterion proposed above. The results should lead to a conservative design of the safe maximum and minimum storage pressures.
